Abstract: Versatility in the design of optical systems is one of the key features of light-emitting diodes (LEDs) that has attracted considerable attention. In the analysis of systems using LEDs, it is useful to know if the distance is far enough from the LED to allow the radiation pattern to be simulated by the point source approach. We propose three far-zone conditions for LED light modeling: the far-field distance, and for practical purposes the quasi far-field and minimum far-field distances. Different types of LEDs have different far-field ranges. We analyze these differences by modulating key parameters like geometrical structure of encapsulating lens, chip size, chip shape, chip position, and package errors. We find that far-field region considerably depends more on the shape of both lens and chip than all other parameters. Y. Tsai, "A novel lens cap designed for the RGB LEDs installed in an ultra-thin and directly lit backlight unit of large-sized LCD TVs," J.
Introduction
LEDs are energy efficient, more durable, non-toxic, and smartly controllable light sources. These properties will lead to many applications. However, there are special challenges in the optical design of a system containing LEDs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Care must be taken to use the simplest LED model that more accurately predicts the performance of the system [1] [2] [3] [4] [5] . In the analysis of an optical system containing LEDs, it is very useful to know if the LED can be simulated as a directional point source. In most of the applications, a simple optical model is desirable because it is common to trace millions of rays for analyzing and testing the optical system. Near the LED, accuracy can only be obtained by modeling the LED as an extended source. In this region a precise model must include in detailed key component parts as chip, phosphor layer, cup, and lens [1] [2] [3] . Sufficiently far away from the LED, the same accuracy can be obtained by modeling the LED as a point source whose output is apodized as a function of angle [4, 5] .
In some cases, secondary optics is designed by means of advanced methods that model the LED as a directional point source [6] [7] [8] . In these applications is useful to know where farfield begins. In other applications the spatial radiation pattern of LED must be simulated as an extended source by using a precise model [9] [10] [11] [12] [13] . In such situations, it is useful to know within which distance range the extended source model must be used for accurate performance. Other applications are totally based on the point source approximation; in these cases it is necessary to know the minimum distance for which the analysis is valid [14] [15] [16] .
Recently, we developed a far-field condition for LED arrays, where each LED was considered to be a directional point source [16] . Here we address the issue of the far field of a single LED. Depending on the working distance, the optical modeling of an LED must be performed in a different way. Basically, in LEDs there are three working conditions: nearfield, mid-field, and far-field (Fig. 1) . The near-field is a very short region near the chip, where the electro-magnetic wave effects strongly change the wave function with distance. In the midfield region, the light pattern significantly varies from one distance to another due to the finite size of chip and LED package structure. Thus mid-field field is a region for verifying optical models of extended light sources. Farther than the mid-field, in far-field the angular intensity distribution remains practically constant with distance. A clear definition of far-field is helpful to know if the measurement distance is located in the region of mid-field so light source model can be verified in such a region. However, there is not available a standard convention to delimitate these regions because LEDs come in many varieties. To alleviate this problem, we propose three conditions: a far-field (FF) condition, a quasi far-field (QFF) condition, and a minimum far-field (MFF) condition. These distances are determined from comparing the shape of radiation pattern at a finite distance with that at a very far distance (intensity pattern of reference). We analyze their variation by modulating key parameters like geometrical structure of encapsulating lens, chip size, chip shape, chip position, and package errors. 
Where does far-field begin ?
An answer to this question involves comparing the normalized angular intensity distribution at some distance with that at a very far distance (infinity in theory). Therefore, this requires simulating the angular intensity distribution for several distances or LED-detector separations D (see Fig. 2(a) ). As an example, consider a batwing LED from Lumileds Lighting ( Fig.  2(b) ). The radiation pattern [arbitrary units per stereo radian] of this LED is plotted in Fig. 3 for several distances. The shape of both experimental and simulated light patterns varies from one distance to another, but after some distance tends to remain practically unchanged.
To evaluate the similarity between the radiation pattern at some distance and that of reference (at a very long distance), we compute the normalized cross correlation (NCC) [2] [3] [4] . NCC is a merit function that is frequently used for image recognition to compare the similarity between two images. The NCC of the radiation pattern I D at distance D with respect to the radiation pattern of reference I R is ( )
,
where θ n is the n-th view angle, e.g. the angular displacement of the detector shown in Fig.  2 (a). Ī D and Ī R are the mean value of I D and I R across the angular range. As distance D increases the NCC approaches 100%. An NCC equal to 100% means that I D and I R are exactly the same. Figure 4 shows NCC vs. measurement distance for the radiation patterns of Fig. 3 , i.e. the LED with batwing pattern depicted in Fig. 2(b) . In both simulation and experiment, the radiation pattern of reference is that at distance D = 500mm.
In our experience in designing LED lighting systems for industry, depending on the NCC of the LED model the design predicts with different degree of precision the experimental results [2] [3] [4] . We choose three NCC values to delimitate a range of working distances for modeling an LED as a directional point source with different levels of precision. We propose, as the lower bound, the minimum far-field (MFF) distance as that distance at which NCC = 99%; and we define the upper bound as the far-field (FF) distance for NCC = 99.90%. We do not choose 100% as the upper bound because the manufacturing variability among LEDs of the same type limits the precision of any optical model [2, 3] . Modeling an LED as point source at MFF distance gives enough accuracy for some applications, e.g. for first order optical designs. The third condition is the quasi far-field (QFF) distance for NCC = 99.50%.
We recommend for precise designs to use an extended source model if the distance is shorter than the QFF distance. In general, if the extended source model is used at longer distances than QFF, a little more precise optical design is obtained, but after the FF distance the extended source model will give the same results than the point source approach. Figure 4 shows the regions delimitated by MFF, QFF and FF distances (80, 100, and 250 mm) for an LED with batwing pattern.
These working distances significantly depend upon key LED parameters like geometrical structure of encapsulating lens, chip size, chip shape, chip position, and manufacturing errors.
In what follows, we analyze the effects on FF, QFF and MFF conditions due to changes on these key parameters. 
Analysis
In the following analysis each chip surface is considered to be a Lambertian emitter for Monte Carlo simulation. We traced ten million rays for the simulation of each radiation pattern. In order of simplify the analysis, we darkened the bottom of encapsulant. The refractive index of encapsulating lens is 1.5 in all simulations. The angular range to evaluate NCC is different in each case, it is the angular width of the radiation pattern of every modeled LED. With the exception of section 3.2, the chip is square shaped (1 × 1mm 2 ) with flat faces. D is the distance from the LED tip as shown in Fig. 2(a) .
Dependence upon encapsulating lens
From a classic point of view, we should expect that the far-field distance remains the same when the chip size does not change. However, the far field distance not only changes in function of the shape and size of emitting area, but also in function of the size and shape of lens.
First we consider a hemispherical encapsulating lens. Figure 5 (a) shows the NCC of the LED radiation pattern in function of distance D for several lens diameters. Figure 5(b) shows FF, QFF, and MFF. As can be noted, the FF distance is about 10~20 times larger than the MFF distance. Taking into account that distance D is measured from the LED tip, when increasing the lens diameter the QFF and MFF distance from the chip is a little longer than that shown in Fig. 5(b) . The analysis of the lens size dependence leads to a basic condition: once increasing the lens diameter, the MFF distance also will be increased by 3 times of the lens diameter, and QFF will be about 5 times the lens diameter. This fact is very useful for precise optical modeling of LED systems. Now we consider a free form lens with revolution ellipsoid shape, in which its thickness is varied. By fixing the horizontal semi axis of the ellipsoid, we changed the vertical axis for changing the thickness of the encapsulation. The bottom of the encapsulation is circular. Figure 6(a) shows the NCC in function of distance D for several lens thicknesses. Figure 6(b) shows the FF, QFF, and MFF dependence on lens thickness. The behavior is not linear, and shows a maximum around L = 1.5 mm. Figure 7 shows the dependence with lens width. This is an ellipsoid lens with circular bottom, but now the semi-major axis is varied. The FF, QFF and MFF distances have a minimum for a 1.5mm width, where MFF distance is zero. It is interesting to note that the width for this minimum coincides with the thickness of the maximum in Fig. 6(b) . From observing the LED radiation patterns associated to Fig. 6 , one can note that the far-field pattern for L = 1.5mm has a wide angular range, and the sides of the angular distribution reduce to zero with a pronounced slope. In contrast, when observing the LED radiation patterns associated to Fig. 7 , one can note that the far-field pattern for r = 1.5mm also has a wide angular range, but the sides of the angular distribution reduce to zero very smoothly. For the sake of clarity, we do not show here the simulated radiation patterns. However, this is the basic dependence of the far-field region with the angular intensity distribution in most of the following cases, with the only exception of case analyzed in Fig. 11 . 
Dependence upon chip characteristics
In the following, we analyze the dependence upon chip characteristics of an LED with a hemispheric lens. From a classical point of view, we should expect that the far-field distance increases in function of the source size. However, as we show below, the QFF distance not always increases when the chip size increases. Furthermore, the QFF considerably increases if the chip or primary source is elliptically shaped. First we consider a flat chip. Figure 8 shows the dependence on chip size. The chip dimension A changes from 1 mm to 3.5mm. We can see how MFF and QFF distances remain almost constant for several chip sizes. When A is small, the far-field light pattern is just like the Lambertian. However, as A increases more than 3.5mm, the width of the far-field pattern width remains almost the same but decreases more rapidly at large view angles. Now we consider a chip with hemispheric shape. Figure 9 shows the dependence on the primary source size. The QFF and MFF distance increases nearly linear with the chip size. Figure 10 shows the FF, QFF, and MFF distance for an LED with elliptic shaped primary source. These distances strongly increase with the source size. This case has the same trend in function of the far-field radiation pattern; as Ls increases the radiation pattern widens and the profile significantly sharpens at the sides of the angular distribution. 
Dependence upon chip position or package manufacturing errors
Any LED suffers from tolerances like all optical devices. A common manufacturing error is the chip displacement from a nominal position. This variation leads to the fluctuation of the far-field range of an LED. In the following simulations, we keep constant both the lens size and shape (hemisphere). First we consider a chip moved in backward direction. Figure 11 (a) shows the NCC of the LED radiation pattern in function of distance D for several chip shifts. The QFF and MFF distance show a nearly linear increment with chip displacement (Fig. 11(b) ). From observation of the far-field radiation patterns one can note that beam directionality increases as the chip is displaced in back direction. This is the only case in which the QFF and MFF increases as the far-field radiation pattern is more directional. The angular intensity distribution is narrowed when the chip is displaced in this way, as happens for LEDs with the typical 5mm package. Now we consider an LED with the chip displaced in forward direction. Figure 12 shows how the MFF distance remains almost the same when the chip is moved to the front. However, the QFF increases linearly in function of this chip shift.
Finally, Fig. 13 shows the FF, QFF, and MFF dependence on chip displacement in transverse direction. Although the associated radiation patterns are twisted with the lateral shear, the MFF and QFF distance remain almost constant. 
